Population profiles of industrialized countries show dramatic increases in cardiovascular disease with age, but the molecular and genetic basis of disease progression has been difficult to study because of the lack of suitable model systems. Our studies of Drosophila show a markedly elevated incidence of cardiac dysfunction and arrhythmias in aging fruit fly hearts and a concomitant decrease in the expression of the Drosophila homolog of human KCNQ1encoded K ؉ channel ␣ subunits. In humans, this channel is involved in myocardial repolarization, and alterations in the function of this channel are associated with an increased risk for Torsades des Pointes arrhythmias and sudden death. Hearts from young KCNQ1 mutant fruit flies exhibit prolonged contractions and fibrillations reminiscent of Torsades des Pointes arrhythmias, and they exhibit severely increased susceptibility to pacing-induced cardiac dysfunction at young ages, characteristics that are observed only at advanced ages in WT flies. The fibrillations observed in mutant flies correlate with delayed relaxation of the myocardium, as revealed by increases in the duration of phasic contractions, extracellular field potentials, and in the baseline diastolic tension. These results suggest that K ؉ currents, mediated by a KCNQ channel, contribute to the repolarization reserve of fly hearts, ensuring normal excitation-contraction coupling and rhythmical contraction. That arrhythmias in both WT and KCNQ1 mutants become worse as flies age suggests that additional factors are also involved. cardiac dysfunction ͉ fibrillation ͉ heart ͉ long-QT syndrome ͉ longevity
Population profiles of industrialized countries show dramatic increases in cardiovascular disease with age, but the molecular and genetic basis of disease progression has been difficult to study because of the lack of suitable model systems. Our studies of Drosophila show a markedly elevated incidence of cardiac dysfunction and arrhythmias in aging fruit fly hearts and a concomitant decrease in the expression of the Drosophila homolog of human KCNQ1encoded K ؉ channel ␣ subunits. In humans, this channel is involved in myocardial repolarization, and alterations in the function of this channel are associated with an increased risk for Torsades des Pointes arrhythmias and sudden death. Hearts from young KCNQ1 mutant fruit flies exhibit prolonged contractions and fibrillations reminiscent of Torsades des Pointes arrhythmias, and they exhibit severely increased susceptibility to pacing-induced cardiac dysfunction at young ages, characteristics that are observed only at advanced ages in WT flies. The fibrillations observed in mutant flies correlate with delayed relaxation of the myocardium, as revealed by increases in the duration of phasic contractions, extracellular field potentials, and in the baseline diastolic tension. These results suggest that K ؉ currents, mediated by a KCNQ channel, contribute to the repolarization reserve of fly hearts, ensuring normal excitation-contraction coupling and rhythmical contraction. That arrhythmias in both WT and KCNQ1 mutants become worse as flies age suggests that additional factors are also involved. cardiac dysfunction ͉ fibrillation ͉ heart ͉ long-QT syndrome ͉ longevity D espite recent advances in preventing deaths related to cardiac disorders, cardiovascular disease (CVD) remains the leading cause of death in industrialized countries (1) . As life expectancy increases, the population profiles in these countries are changing to include increasing numbers of middle-aged and elderly individuals. In industrialized countries and countries that are becoming industrialized, a number of other factors, such as altered life styles, urbanization, and as-yet-unidentified genetic and environmental factors, combine to compound the effects of aging on CVD (2) . Cardiac arrhythmias are common in patients with cardiac dysfunction, and some forms of arrhythmias, such as atrial fibrillations, increase with age (3) . However, the mechanisms underlying arrhythmias and heart failure have remained elusive, in part because heart diseases in humans are associated with a complex array of hormonal, physiological, genetic, and biochemical abnormalities. In addition, vertebrate heart structure is very complex, as is the process of its embryological development from a simple tube-like structure. Because heart function is so essential for survival, it is difficult to study very deleterious heart abnormalities in vertebrate systems. Recent insights into the molecular genetics of CVD suggest that the genetic heterogeneity underlying heart disease is very high (4) . Because the basic mechanisms of heart development and function are conserved between Drosophila and vertebrates (5-10), we have begun to use the fly heart and the power of Drosophila genetics to understand the genetic and molecular mechanisms underlying the aging of cardiac tissue and their contributions to cardiac disorders and arrhythmias.
A number of genetic defects that contribute to arrhythmogenic disorders have been identified in humans. Many encode K ϩ channels, such as the Human Ether-a-go-go Related Gene (HERG), which encodes a channel underlying the rapid phase of cardiac repolarization (I Kr ), and the KCNQ1 gene, which encodes a subunit of a K ϩ channel responsible for the slower repolarizing current (I Ks ) (for reviews, see refs. [11] [12] [13] . Mutations in these K ϩ channels commonly lead to a loss or decrease in channel function, resulting in reduced cardiac repolarization and prolonged cardiac action potentials that increase the risk of early after-depolarization. In humans, this prolonged repolarization phase manifests as a prolonged QT interval on the surface electrocardiograms with increased risk of Torsades des Pointes ventricular arrhythmias, which would cause recurrent syncope or sudden cardiac death, and is known as long QT syndrome (LQTS). Age, environmental stressors, exercise, genetic modifiers, and some commonly prescribed drugs have also been shown to produce arrhythmic disorders such as LQTS, but the complex interactions between these acquired and inherited factors for arrhythmogenesis remain to be determined (14, 15) . A systematic genetic analysis will be required if we are to identify genetic variations (polymorphisms) in known and novel genes and in gene products that influence the risk of arrhythmias. Because susceptibility to drug-induced LQTS is likely to have a genetic basis, a functional assessment of genetic mutations and identification of interactions between genes that contribute to arrhythmias would permit more appropriate drug administration to patients with cardiovascular disease (16) . The relatively long lifespan of mammalian systems precludes a simple approach to elucidate the aging-related factors contributing to the genesis and facilitation of arrhythmic disorders. More importantly, hereditary and/or acquired arrhythmic disorders in mammalian hearts usually lead to sudden death, making the study of genetic interactions or polygenetic disorders extremely difficult in mammals (15) .
We have developed a number of assays and quantitative measures that allow us to characterize the physiology of the myogenic Drosophila heart. Because oxygen distribution in the fruit fly is carried out by an independent tracheal system, genetic manipulation of cardiac-expressed genes that compromise heart function are not immediately lethal (17) , which permits the characterization of severe abnormalities in heart physiology. Our findings suggest that an important aspect of age-related cardiac dysfunction in fly heart tissue is a decrease in the efficacy of cardiac relaxation/ repolarization due to a concomitant decrease in ion channel gene expression. This system will allow us to identify and characterize genes that contribute to normal heart function, analyze the effects of genetic aberrations, perform structure-function studies in a functioning organ, and examine the genetic basis for functional deterioration with age.
Results
Fruit flies have an open circulatory system, with a linear heart tube located along the dorsal midline in the abdomen and an aorta that extends anteriorly into the head region [supporting information (SI) Movie 1] (17) (18) (19) (20) . Four sets of internal valves divide the abdominal heart into an anterior conical chamber and three posterior compartments (21) . Each of the four heart compartments also contains a pair of valves to the exterior, called ostia, that permit hemolymph to enter and leave the heart (18) .
KCNQ Gene Expression in Fly Hearts.
To study the heart-related function of the Drosophila KCNQ gene, deletion mutants were generated by the imprecise excision of a transposable element (EP2074) (SI Fig. 5A ). Two alleles (KCNQ 186 and KCNQ 370 ) that delete all transmembrane domains, including the potassium selective pore region of the KCNQ channel, were used. A precise excision of the inserted EP2074 element (KCNQ 97 ) served as the WT control. Both deletion alleles are homozygous-viable and are fertile without any visible defects, except that mutant larvae take 1-2 days longer (compared with KCNQ 97 ) to develop, fewer eclose, and the mean lifespan in females is reduced by 20-30% (data not shown). KCNQ transcripts are first expressed in the embryo at mid-embryonic stages, primarily in the nervous system, but not yet in the heart (SI Fig. 5B ). In the adult, KCNQ is expressed at high levels in the head and also in other tissues, including the anterior and posterior portion of the heart (SI Fig. 5 C-E). RT-PCR of adult flies and isolated hearts shows absence of 5Ј (and transmembrane) KCNQ RNA in KCNQ 186 and KCNQ 370 mutants, compared with KCNQ 97 WT control or compared with transcripts corresponding to the 3Ј KCNQ region (SI Fig. 5C ).
A recent report shows that K ATP channel associated dSUR RNA levels of the adult heart decline dramatically with age (22) . To explore whether KCNQ expression changes with age, we assessed the KCNQ RNA levels of isolated hearts with qRT-PCR at 1 and 5 weeks of age. We find that with age, KCNQ RNA declines dramatically to 33% of the levels seen at 1 week ( Fig. 1A , SI Materials and Methods, and SI Fig. 5F ).
Pacing-Induced Cardiac Dysfunction Is Elevated in KCNQ Mutants.
In humans, the effects of loss of function mutations in the KCNQ gene are more pronounced under conditions of physical or emotional stress (23, 24) . To gage cardiac performance in Drosophila, we used an external electrical pacing paradigm to physically stress the fly heart (17, 25) . Immediately after the pacing regime, we visually assessed heart performance; heart dysfunction manifests as temporary or permanent heart arrest (reminiscent of human sudden death syndromes) or uncoordinated twitching. The fraction of young, 1-week-old WT, and KCNQ 97 control hearts that exhibit such cardiac dysfunction is relatively low (20-30% ''failure rate''; Fig. 1B Left) , as reported in ref. 17 . By comparison, the incidence of pacing-induced cardiac dysfunction in age-matched KCNQ 186 and KCNQ 370 mutants is drastically increased (70-80% failure rate). These elevated rates, seen in young KCNQ mutant flies, were as high as those observed in 5-week-old KCNQ 97 control flies and other WT strains (17) . The elevated failure rates seen in young KCNQ mutant flies did not increase further with age suggesting that that cardiac performance in these flies is already significantly compromised because of the absence of KCNQ channel function.
Because the heart rate in Drosophila can be modulated by neuronal input (26) , and because KCNQ is also expressed in the nervous system, we examined whether the increased incidence in cardiac dysfunction seen in mutant flies could be rescued by overexpressing the WT KCNQ gene specifically in the mesoderm, which includes the heart. Control and KCNQ deletion mutants were combined with either the 24B-Gal4 mesodermal driver (27) or an upstream activating sequence (UAS)-KCNQ gene and crossed together. The incidence of pacing-induced cardiac dysfunction in KCNQ deletion mutants expressing the WT KCNQ cDNA was similar to the control KCNQ 97 combinations and was significantly reduced compared with KCNQ mutant flies ( Fig. 1B Right) . Similar results were obtained for a duplicate set of crosses with an independent UAS-KCNQ insertion (data not shown). These results suggest that KCNQ is required autonomously within the heart muscle to establish normal cardiac performance.
Increased Incidence of Heart Arrhythmias in KCNQ Mutant Flies.
Pacing-induced cardiac failure is indicative of cardiac dysfunction, but it does not provide information about the specific underlying causes. To further characterize the heart's contractile properties, we captured heart wall movements in individual flies, using a high speed digital video camera. Movies of normally beating hearts taken through the cuticle of intact flies were used to generate M-mode traces that display the dynamics of heart tube contraction ( Fig. 2A) . These traces show the position of the heart wall edges (y axis) over time (x axis). Heart beat frequencies in intact flies showed alternations between faster and slower rates, probably because of neuronal and hormonal input, as has been previously described (26, 28, 29) . To study the inherent myogenic contraction parameters without confounding influences from neuronal input, we developed a semiintact fly preparation in which the heart is surgically exposed and most neuronal inputs to the heart are disrupted. M-modes from semiintact heart preparations from young, 1-week-old flies (yw, w 1118 and KCNQ 97 , all considered WT) show regular rhythmic contractions lasting for over an hour in oxygenated supplemented artificial hemolymph ( Fig. 2B , WT 1-3 weeks, SI Fig. 5G , and SI Movie 1). The highly rhythmic beating pattern deteriorates as flies age, and by 5-7 weeks, a majority of WT flies exhibit nonrhythmical heart contraction patterns, including asystoles/bradycardias and fibrillations/tachyarrhythmias ( Fig. 2B , WT 5-7 weeks).
In contrast to WT flies, M-mode records from KCNQ mutant hearts exhibit severely nonrhythmic beating patterns already at young ages ( Fig. 2B, 1-3 weeks) , and the incidence of arrhythmia increased more rapidly with age in mutants (Fig. 2C ). In addition, there appeared to be an age-dependent increase in the severity of the rhythmicity defects in mutant flies beyond those seen in aged WT flies (Fig. 2B , 5-7 weeks). We developed an image-analysis program that allowed us to objectively measure a number of heart parameters (see Materials and Methods; M.F., K.O., W.G., R.B., unpublished data). In semiintact WT heart preparations, the average heart period, defined as the length of time between the ends of two consecutive diastolic intervals, increases moderately with age ( Fig. 3D ), as reported in refs. 17 and 30. In contrast, KCNQ mutant flies exhibit a dramatic age-dependent increase of the heart period compared with age-matched controls ( Fig. 3D ; P Ͻ 0.05), and both diastolic intervals (D.I.) and systolic intervals (S.I.) show agedependent increases in KCNQ mutants ( Fig. 3 A and D and SI Figs. 6A and 7A). We explored whether the irregularities observed in the mutant heart rhythms were reflected in an increased variability of the heart periodicity. Using the standard deviation of the heart period as an age-matched controls ( * , P Ͻ 0.05). Genotype-by-age analysis of the mutant versus WT curves also shows significant differences ( * , P Ͻ 0.05). (E) SD of the heart periodicity was used as an overall measure of arrhythmicity (arrhythmia index Ϯ SEM). All time points (except 1 week) and overall curves for both KCNQ mutants were significantly different from the WT controls ( * , P Ͻ 0.01, analysis of covariance regression analysis). Age-by-genotype analysis also shows a significant difference between WT and mutants ( * , P Ͻ 0.01). For C-E, छ, WT; ▫, KCNQ186; ‚, KCNQ 370 ; n ϭ 20 -30 flies per data point.
''arrhythmia index,'' we find that this quantitative measure of rhythmicity reflects well the heart-rhythm disturbances observed in M-mode traces (compare Fig. 2 B, C, and E) . In control flies, the cardiac arrhythmia index increases progressively with age, from Ϸ0.1 at 1 week to 0.4 at 7 weeks of age. The arrhythmia index for KCNQ mutant hearts is approximately double that of the controls at most ages examined. Thus, arrhythmias increase with age in both WT and mutants but much more rapidly in KCNQ flies (Fig. 3E) .
To quantify the incidence of unsustained fibrillation/tachyarrhythmia, we measured the number of S.I. that were unusually long (Ͼ0.5 s, indicative of sustained contractions) as well as the number of very short D.I. (Ͻ0.06 s, indicative of incomplete relaxations; see Materials and Methods). Using these criteria, we computed a significant elevation in the incidence of fibrillation events in both KCNQ mutants compared with controls, especially in young flies (Fig. 3B ), reflecting the increase in unsustained fibrillations observed when visually inspecting in the M-mode records (Fig. 2B) . The mean D.I. also tended to be longer in KCNQ flies when compared with age-matched controls (SI Fig. 6 A and B) .
To further illustrate the differences in rhythmicity, we plotted the distribution of S.I. and D.I. for individual flies in histogram format (SI Fig. 7A ). The majority of WT flies show relatively tight clustering of both D.I. and S.I. that persists until 5 weeks of age, when the distributions broaden. KCNQ mutant flies, however, show a much more variable distribution at both young and old ages. To represent the increased incidence of unsustained fibrillation for all flies in a genotype, we normalized the data for individual flies to the average median value (Fig. 3D) . The median S.I. length in KCNQ mutant flies increases dramatically with age relative to WT, and the incidence of very long S.I., which indicate episodes of fibrillation, is higher in KCNQ mutant flies at all ages. Similar results are seen in plots of heart periodicity (SI Fig. 7B ).
The alterations in rhythmicity observed for the KCNQ mutant flies can be rescued by supplying WT KCNQ channel function transgenically. We analyzed hearts from KCNQ mutant flies containing both a WT UAS-KCNQ construct and the mesodermal 24B driver. In such ''mesodermal rescue'' KCNQ flies, the arrhythmia index is much reduced compared with UAS or 24B controls ( Fig.  3C and Fig. 3D, bottom of 3 week column) and is even below the WT level at 3 weeks of age (see Fig. 2E ). These results suggest that supplying functional KCNQ channels to the heart restores a regular heart rhythm in KCNQ mutants. In addition, heart-specific KCNQ overexpression in old WT flies reverses the age-dependent increase in arrhythmias (Fig. 3D , bottom right; compare with top row). These findings are consistent with the idea that the age-dependent decrease in KCNQ expression within the heart ( Fig. 1 A) contributes to the increased incidence of arrhythmia observed with age.
* *
Electrophysiological Analysis of Fly Heart Function. We used a multielectrode array system (SI Materials and Methods) to monitor field potentials from dissected heart preparations. Recordings from beating hearts in control flies showed positive deflections followed immediately by negative deflections that correlated with heart contraction and relaxation, respectively (Fig. 4A) . In KCNQ mutants, the negative deflections did not immediately follow the initial positive potentials and usually occurred with significant delay compared with field potentials from WT hearts (Fig. 4B, arrows) , consistent with the increases in S.I. observed in KCNQ mutants ( Fig. 4 C and D; see also Figs. 2B and 3 A and D) . This result is consistent with a reduced ability of the heart to repolarize, presumably because of the decrease in the repolarizing K ϩ currents of the cardiomyocytes in mutant flies.
Muscle Tension Measurements. Muscle tension was measured as an indicator of muscle function in semiintact fly hearts (SI Materials and Methods). Baseline tension measurements from control hearts showed spontaneous regular contractions (Fig. 4E, top trace) . Electrical stimulation (5-10 ms at 5 Hz) induced tachycardia and elevated diastolic tension (Fig. 4E, bottom trace) . In WT flies, the heart rate and diastolic tension quickly decreased to baseline levels after cessation of stimulation. In contrast, contractions in KCNQ mutant hearts occurred at lower rates and with longer S.I. (Fig. 4F , top trace, and Table 1 ). In response to electrical stimulation, KCNQ hearts exhibited fibrillation, markedly elevated diastolic tension, and extremely delayed recovery to baseline diastolic tension relative to WT hearts (Fig. 4F, bottom trace) . These results indicate that the heart muscle fibers from KCNQ mutant flies have a markedly reduced ability to relax after contractions, consistent with the ''diastolic dysfunctions'' commonly found in various types of cardiomyopathy in humans (31) .
Discussion
Outward currents passing through KCNQ channels contribute to the waveform and rhythmic contractions in at least two types of vertebrate muscle cells, heart muscle (32) , and portal vein smooth muscle (33) . Repolarization in the Drosophila heart also appears to depend on outward K ϩ currents that are mediated, in part, by KCNQ channels. Mutations in the pore-forming region of this channel result in an increase in heart arrhythmias, which are manifest as an increased variation of the heart period (arrhythmia index), including episodes of unsustained fibrillation/tachyarrhythmia in young flies. This increased incidence in arrhythmias also correlates with an increase in pacing-induced cardiac dysfunction (heart failure) in young KCNQ mutant flies. It is likely that both the increased incidence of arrhythmias and the decreased ability to withstand (pacing-induced) stress arise from the reduced ability of the myocardium to repolarize. That hearts from old WT flies behave similarly to the hearts of young KCNQ mutants suggests that a decrease in repolarization reserve due to decreased K ϩ channel function may be one of the molecular changes underlying agerelated heart dysfunction. Our observations that KCNQ expression decreases with age and that replenishing KCNQ function in old flies apparently rejuvenates cardiac function are consistent with this hypothesis. Interestingly, clinical studies in humans and a recent study in flies suggest that activation of the ATP-sensitive K ϩ channel in heart muscle is also attenuated with age (22, 34) . However, this channel is thought to have a cardioprotective role against hypoxia by slowing the heart rate, and does not appear to function during the normal heart contraction (35, 36) . The progressively arrhythmic M-mode patterns seen in aging flies are reminiscent of the increased incidence of cardiac arrhythmic activities, e.g., atrial fibrillation, observed in aging humans (ref. 37 ; reviewed in refs. 1, 2, and 38). Our findings that the incidence of cardiac arrhythmia in the hearts of KCNQ mutants occurs earlier than in WT flies and increases with age suggest that alterations in these and other channels involved in heart muscle repolarization may be responsible for some of the effects of aging on heart function. Furthermore, the ability to rescue these age-related defects by overexpressing WT KCNQ channels in mutant flies suggests that increases in the repolarization capacity of aging hearts may exert a protective effect against other age-related changes.
The conservation of genes and gene function between Drosophila and vertebrates, including humans, has repeatedly been documented. This similarity is likely to extend to heart function because The time-to-peak contraction and relaxation times were calculated from digitized tension records in semiintact fly preparations. Traces were made from eight wild-type and eight KCNQ mutant hearts; five consecutive contractions were averaged from each trace. Data were analyzed for significance by using a two-tailed t test.
the complement of ion channels that are expressed in the heart includes many of the same channels found in the vertebrate heart (10, 22, 39) . Remarkably, the regularity of the heart rhythm critically depends on properly functioning KCNQ channels in flies and humans, and these channels seem to play equivalent roles in basic cardiac myocyte physiology. Homologs of other ion channel genes associated with human arrhythmias, such as HERG, also appear to produce arrhythmia in fly hearts. Mesodermal RNAi knockdown of seizure (the fly homolog of HERG) and mutants in ether-a-go-go (eag 1 ) produce nonsustained and sustained fibrillations/tacharrhythmias in semiintact preparations (K.O. and R.B., unpublished data).
At least one other human heart condition, dilated cardiomyopathy, has also been observed in flies (40) . Here, we report that a second cardiac condition, arrhythmias of the heartbeat, also exists in flies and that aberrant KCNQ function contributes to this condition. Arrhythmias in flies increase dramatically with age, as does the incidence in atrial fibrillation in the elderly (37) , suggesting that the age-dependent changes in molecular constituents within the fly heart may also be conserved. The fly heart promises to provide clues as to the roles of (new) genes in aging and disease and to provide a physiological model that is more complex than cultured myocytes and simpler and easier to study than is the vertebrate heart. The ability to combine genetic manipulation and physiological assays in a system that has a short life span makes Drosophila an attractive model in which to study the genetics of age-related changes in heart function and heart disease.
Materials and Methods Semiintact Drosophila Preparation.
Flies were anesthetized with fly nap for 2-5 min, and the head, ventral thorax, and ventral abdominal cuticle were removed, exposing the abdomen. All internal organs except the heart and any abdominal fat were removed. Dissections were done under oxygenated artificial hemolymph (see SI Materials and Medthods). These semiintact preparations were allowed to equilibrate with oxygenation for 15-20 min before filming. All procedures were done at room temperature (18-22°C). Hearts exposed by this procedure typically beat rhythmically for up to 4 h and have been observed beating as long as 8 h after dissection (see SI Fig. 5G ). Analysis of flies that express GFP specifically in neuronal membranes showed that the peripheral neural input to the conical chamber and the portion of the heart tube in the third abdominal segment was consistently disrupted by the dissection procedure (data not shown).
Image Analysis. Image analysis of heart contractions was performed by using high-speed movies of semiintact Drosophila preparations.
Movies were taken at rates of 100-200 frames per second by using a Hamamatsu (McBain Instruments, Chatsworth, CA) EM-CCD digital camera on a Leica (McBain Instruments, Chatsworth, CA) DM LFSA microscope with a ϫ10 immersion lens. To get a random sampling of the heart function from the flies, a single 10-s recording was made for each fly without previewing. All images were acquired and contrast enhanced by using Simple PCI imaging software (Compix, Sewickley, PA). M-modes were generated by using a MatLab-based image analysis program written by M.F. (unpublished work). Briefly, a 1-pixel-wide region is defined in a single frame of the movie that encompasses both edges of the heart tube; identical regions are then cut from all of the frames in the movie and aligned horizontally, which provides an edge trace that documents the movement of the heart tube edges in the y axis over time in the x axis.
Measurements of diastolic and systolic diameters and D.I. and S.I. were obtained as output from the MatLab-based program (Mathworks, Natick, MA). The incidence of fibrillation in flies was automatically detected by quantifying S.I. Ͼ0.5 s or D.I. Ͻ0.06 s. The systolic value was chosen because systoles that have clearly definable contraction and relaxation phases were never seen to last Ͼ0.4 s, and the maximal average S.I. in WT flies was 0.4 s (in 5-week-old flies; see Fig. 3A ). The D.I. cutoff was approximately half the shortest regularly occurring D.I. observed in all of the semiintact preparations, which was 0.13 s. Thus, any detected relaxations lasting Ͻ0.06 s were most likely incomplete. The incidence of asystoles was determined by quantifying all D.I. lasting Ͼ1.3 s, a value approximately twice the average D.I. for all WT flies examined and longer than any of the individual D.I. measured for 1-and 3-week-old WT flies. Significant differences were determined by analysis of covariance and a two-tailed independentsamples t test where appropriate; P values Ͻ0.05 were considered significant.
